From 661 to 880 m beneath the seafloor at DSDP Sites 370 and 416 are Albian to Barremian claystone with some limestone, sandstone, and siltstone. Compressional-wave velocities ranged from 1. 70 Acoustic anisotropy is 0 to 30% faster parallel to bedding in Cretaceous to Tithonian sandstone-siltstone turbidites in mudstone and minor limestone from 661 to 1624 m below the seafloor. Between 2.0(?) km/s and 4.2(?) km/s, anisotropy becomes particularly significant (below 1178 m), where the anisotropy is about +0.4 km/s or greater. The mudstone, softer sandstone, and softer siltstone tend to have velocities around 2.0 to 2.5 km/s; the cemented sandstone and limestone cluster around 2.5 km/s to 4.2 km/s; thus the relative percentage anisotropy is greater for lower-velocity lithologies. Above 4.2(?) km/s, the well-cemented sandstone and limestone tend to have a smaller (less than + 0.4 km/s) absolute anisotropy, and many samples are nearly isotropic.
INTRODUCTION
This chapter is concerned with the physical property relationships enumerated below, using data measured on cores recovered from Sites 370 and 416, in the Atlantic Ocean off the coast of Morocco (Fig. 1) for the Cretaceous-Tithonian sandstone, siltstone, mudstone, and minor micritic limestone and calcarenite from 661 to 1624 m below the seafloor. The objectives of the chapter are as follows: 1) At Site 416, to study physical properties versus depth for different lithologic types: (a) mudstone, (b) siltstone, (c) sandstone, (d) marlstone, and (e) limestone. This is important for characterizing the lithology and physical properties of this area and for making comparisons to other areas.
2) At Sites 370 and 416, to undertake additional systematic studies of the horizontal and vertical velocity, acoustic anisotropy, porosity, and wet-bulk density of Hay, W. W., Sibuet, et al., Init. Repts. DSDP, 75 : Washington (U.S. Govt. Printing Office). the geologic sequence. This information is valuable for correctly interpreting gravity data, seismic reflection data, seismic refraction data, and sonobuoy data.
3) At Sites 370 and 416, to attempt to calculate reflection coefficients; and by using in situ interval velocities calculated by Boyce (1980b) for the geologic section penetrated at Site 416, to attempt to correlate the acoustic character of the data obtained from Sites 370 and 416 with the 1.43-s (round-trip) reflector (blue) in seismic profiles discussed by Lancelot, Winterer, et al. (1980b) and Lancelot and Winterer (1980) .
DATA, DEFINITIONS, AND METHODS
For Site 416 data, the sediment classification is discussed in Lancelot, Winterer, et al. (1980a) , and detailed age-dates and lithologies are discussed in Lancelot, Winterer, et al. (1980b) . Wet-bulk density is defined as the ratio of weight of water-saturated sediment or rock sample to its volume, expressed as g/cm 3 . Wet-water content is the ratio of the weight of seawater in the sample to the weight of the saturated sample, and is expressed as a percentage. Porosity is the ratio of the pore volume in a sample to the volume of the saturated sam- pie and is also expressed as a percentage. Acoustic impedance is defined as the product of the velocity and wet-bulk density, and is expressed as (g 10 5 )/(cm 2 s). All the equations, derivations, and techniques are discussed in detail in Boyce (1980a) .
With respect to sampling at Site 416, we generally waited at least 4 hr. after the core had been brought on deck to allow it to reach room temperature. We then cut and removed an undisturbed (visible, undistorted bedding), water-saturated, compressional-sound-velocity sample, about 2.5 cm thick. The sample was carefully smoothed with a sharp knife or file. Velocities were measured to within ±2% accuracy with the Hamilton Frame velocimeter (Boyce, 1980a) , perpendicular and parallel to bedding. Immediately afterward, its wet-bulk density was measured to within ±2 or 3% precision with the Gamma Ray Attenuation Porosity Evaluator (GRAPE) (Evans, 1965) as modified in Boyce (1980a) , using special 2-minute gamma-ray counts. Then, the wet-water content of a subsample was determined by weighing the sample both wet and after drying 24 hr. at 110°C. The weight of evaporated water was corrected for salt (45% 0 ) to give the weight of seawater (Boyce, 1980a; Hamilton, 1971b) . The estimated precision is ±2.5% (absolute). Porosity (precision of ±6°7o) is determined from the product of the wet-water content and wet-bulk density, divided by the density of the interstitial water (1.032 g/cm 3 ). The acoustic impedance is obtained from the product of the vertical velocity and the wet-bulk density. The laboratory results of Site 416 Cretaceous-Tithonian sedimentary rocks have been tabulated in Table 1 .
All data for Site 370 are from Table 1 in Trabant (1978) and will not be tabulated here. Trabant (1978) and discuss their methods and the sediment classification used at Site 370. Detailed lithologies and age-dates for Site 370 data are discussed in detail in .
Compressional-wave (sound) velocity in isotropic material has been defined (Wood, 1941; Bullen, 1947; Birch, 1961; Hamilton, 1971a, b) as
where V is the compressional-wave velocity; ρ b is the wet-bulk density in g/cm 3 and ρ b = ρ w Φ + (1 -Φ)ç g (here <f> is the fractional porosity of the sediment or rock, and the subscripts b, g, and w represent the wetbulk density, grain density, and water density, respectively); x is the incompressibility or bulk modulus; and µ is the shear (rigidity) modulus
Where samples are anisotropic, × and µ may have various unique values for the corresponding vertical and horizontal directions. See Laughton (1957) , Carlson and Christensen (1977) , Gregory (1977) , and Bachman (1979) for a discussion of anisotropy.
Compressional-wave (sound) velocity of sediments and rocks has been related to sediment components by Wood (1941) , Wyllie et al. (1956) , Nafe and Drake (1957) and others. Relationships of the Site 416 data to these equations are discussed in Boyce (1980b) . Velocity is related to mineralogical composition, fluid content, water saturation of pores, temperature, pressure, grain size, texture, cementation, direction with respect to bedding or foliation, and alteration, as summarized by Press (1966) . Recently, Hamilton (1976 Hamilton ( , 1978 Hamilton ( , 1980 has summarized the velocity-density relationships of sediment and rock of the seafloor for oceanic sediments and sedimentary rock.
Acoustic impedance is the product of the vertical velocity and wet-bulk density. Reflection coefficients The calculation used the following parametrs: ρ g , ρ gc = 2.7 g/cm 3 ; ρf = 1.025 g/cm 3 , ρf c = 1.128 g/cm 3 , µ = 0.1028 cm 2 /g for Cores 1 through 16, and µ = 0.1024 cm 2 /g for Cores 17 through 57. b S.I. units are m/s = (km/s) × 1000; kg/m 3 = (g/cm 3 )/10 3 . c Porosity = [salt corrected wet-water content) × (wet-bulk density)] /(density interstitial water); assume salinity = 45% and interstitial water density = l.O32g/cm. d Gray = gy.; green = grn.; brown = brn.; yellow = y.; olive = olv.; light = It.; dark = dk.; moderate = mod.; medium = med.; -ish = -ish (e.g., gyish = grayish); I.W. = interstitial water sample. e Horizontal velocity or density used in the calculation.
(R.C.) from 661 to 1624 m are calculated from the impedance data:
where I o is the upper acoustic impedance and I is the lower impedance value. Reflection coefficients are computed very simply by using the upper and lower impedance values as they are listed in their tables, and plotting the reflection coefficient value at the same depth as the lower impedance value. Because of this very simple approach, investigators must be very careful about precisely correlating these reflection coefficients to reflectors in the seismic profiles.
RESULTS
The physical property data discussed in this chapter are for the following Cretaceous-Tithonian geologic sequence at Site 370 and Site 416 : 1) From 661 to 880 m below the seafloor are Albian to Barremian clay stone with some limestone, sandstone, and siltstone.
2) From 880 to 1430 m are Hauterivian to Valanginian turbidites of alternating graded calcareous and quartzose cycles from siltstone or fine sandstone to mudstone. 1) From 1430 to 1624 m are early Valanginian to Tithonian (Kimmeridgian?) turbidites with alternating quartzose siltstone grading to mudstone cycles with hard micritic limestone and calcarenite (calciturbidites).
For the Cretaceous-Tithonian geologic sequence at Sites 416 and 370, as discussed above, horizontal compressional-wave velocity versus depth below the seafloor is plotted in Figure 2 , and vertical compressional-wave velocity versus depth are shown in Figure 3 . From Figure 3 there is an obvious change in acoustic character at 1375 and ~ 1475 m. From 1475 to 1624 m velocities are widely scattered; this is caused by varying amounts of cementation by calcium carbonate. Even the relatively lower-velocity mudstone, in general, appears to have a slightly higher velocity than similar relative low-velocity mudstone abovẽ 1475 meters. The very high vertical velocities (greater than 5.0 km/s) are the micritic limestone, but particularly the well-cemented calcarenites below -1473 meters.
The first (going down the hole) high vertical velocity (>5 km/s) layer occurs at ~ 1474 meters, but this is a relatively thin layer and thus it may not create a significant reflection on the seismic profile. However, it could be possible that an important reflector is created as a result of the overall increase in cementation or lithification of the entire lower geologic sequence from ~ 1474 meters and downward. If this is assumed to be possible, then the actual reflector in the seismic profiles may be lower, perhaps at approximately 1500 m or more. This would allow for the proper ideal thickness (about a quarter wave length) needed for a significant reflecting horizon. Figure 4 displays reflection coefficients versus depth. It is not particularly helpful as there is such wide variation in all the data; thus it does not appear to be as useful as Figure 3 in helping to identify potential seismic reflectors. However, at about 1460 to 1500 m there are some variations in velocity which could be a potential reflector.
Acoustic anisotropy is important for estimating vertical velocities (for seismic-reflection profiles) from the horizontal velocities determined by refraction techniques, and the oblique velocities determined by sonobuoy techniques. Acoustic anisotropy in sedimentary rock may be created by some combination of the following variables as summarized in Press (1966) : (1) alternating layers with high-or low-velocity materials; (2) tabular minerals that are aligned with bedding, thus creating fewer gaps in a direction parallel to bedding; (3) minerals with acoustic anisotropy, whose high-velocity axis may be aligned with the bedding plane; (4) foliation parallel to bedding, and (5) cementation along certain horizontal layers. Figure 5 shows acoustic anisotropy for Cretaceous to Tithonian sandstone and siltstone turbidites in mudstone and minor limestone from 661 to L624 m below the seafloor. In general, acoustic anisotropy of the sedimentary rocks below 1178 m, which have velocities between about 2.0 and 4.2 km/s, is about 0.4 km/s or more, faster in the horizontal than in the vertical plane. Some samples have an absolute anisotropy as great as 1.0 km/s. The relative acoustic anisotropy ranges from 0 to 30%, 5 to 20% being typical. The mudstones which have velocities of 2.0 to 3.0 km/s, tend to have the greatest relative anisotropy, as compared with the higher velocity (3 to 4.2 km/s) sandstones, siltstones, and limestones. Where the sandstone, siltstone, and limestone have velocities greater than about 4.2 km/s, the acoustic anisotropy becomes much less significant, as the sample is more thoroughly cemented, and many samples are isotropic.
Figures 6 through 15 show the following physical properties versus depth for each lithologic type at Hole 416A: (1) vertical velocity and horizontal velocity (both at laboratory temperatures and pressures), (2) acoustic anisotropy, (3) porosity, (4) wet-bulk density, and (5) Table 1 are plotted, as the techniques used at Site 370 are not precisely comparable to the Site 416 data.
In Figure 7 the wet-bulk density and porosity of the mudstones are greater and less, respectively, than similar curves summarized in Hamilton (1976) for oceanic terrigenous sedimentary sequences. The fact that Site 416 data are different from Hamilton's could be in part related to differences in: (1) methods; (2) differences in grain-size distribution and mineralogy; (3) differences in the amount of calcium carbonate cement; (4) age of the Site 416 mudstones (being older, they have had more time to recrystallize, lithify, and to consolidate to a greater degree); or (5) overconsolidation of Site 416 mudstones by a theoretical, previously overlying sedimentary sequence which has been eroded away (Hedberg, 1936; Hamilton and Menard, 1956; Hamilton, 1959, Margara, 1978) . Of these possible causes, 1 through 4 are the most probable. In Figure 7 there is a definite boundary at 1330 m where calcareous mudstones have a distinctly lower porosity than the overlying unit. Below 1450 m in Figure 6 , mudstone acoustic anisotropy is at its greatest, which is what one would expect for mudstone as the clayey minerals become aligned horizontally and samples become more fissile (Press, 1966; Bachman, 1978) . Figures 8 and 9 show a distinct boundary at about 1425 m. The siltstones are relatively uncemented above 1425 m, and abundant calcareous cemented siltstones occur below 1425 m, which have greater velocities and greater acoustic anisotropy. Irregular density-porosity variations are probably created by different grainsize distribution, grain packing, and different degrees of cementation.
Siltstones in
Sandstone plots in Figures 10 and 11 show an uncemented sandstone trend and a cemented sandstone trend around 1200 m depth, with semilithified sandstones having a relatively high acoustic anisotropy. From 1200 m down the uncemented sandstone trend becomes more cemented and merges with the cemented sandstone trend (from 1200 to 1600 m). Below 1300 or 1400 m the maximum relative acoustic anisotropy decreases down to 1550 m. Below 1550 m, porosity is typically around 5%, sound velocity is very high, and acoustic anisotropy is relatively small. This is a result of the sandstones becoming so cemented (particularly the calcarenites) that they become more isotropic than the semicemented sandstone above. At 1420 m is the first high-horizontal-velocity-calcarenite (>5.0 km/s). Below 1420 m sandstones appear to be more cemented.
The calcarenites in Figures 10 and 11 are essentially limestones, and they have typically greater velocities than the micritic limestone at the same horizon or depth. This is because they are more recrystallized.
Marlstone velocities in Figure 12 uniformly increase with increasing depth, but with a possible boundary at about 1530 m.
Limestone velocity increases and porosity decreases with increasing depths in Figures 14 and 15 . Many of the more cemented and lower porosity limestones have smaller relative acoustic anisotropies. Porosities here range from 4 to 18%, which are lower than porosities of Cretaceous Pacific Ocean pelagic nannofossil-foraminiferal limestones (Schlanger, Jackson et al., 1976) , where identical laboratory methods were used. However, Site 416 limestones are micritic s older, and more deeply buried; thus they are more recrystallized and probably should have a smaller porosity than the nannofossil-foraminifer types. Site 416 limestone porosities are also slightly lower than the limestone porosity-depth plot summarized by Scholle (1977) .
In Situ Reflection Velocity
In general, from 661 to 880 m, the Albian to Barremian clay stone, with some limestone, sandstone, and siltstone, have velocities ranging from 1.70 to 4.37 km/s. According to Boyce (1980b) an in situ average vertical velocity is estimated to be 1.93 km/s.
From 880 to 1430 m, the Hauterivian to Valanginian turbidites of alternating graded calcareous and quartzose cycles from siltstone or fine sandstone to mudstone have velocities ranging from 1.80 to 4.96 km/s. Boyce (1980b) critic limestone and calcarenite (calciturbidites) have velocities from 2.26 to 5.7 km/s. According to Boyce (1980b) the unit has an in situ average vertical velocity of 3.25 km/s (see footnote 2). These in situ velocities are based on logging velocities and laboratory velocities. The results are very subjective, for: (1) the percentages of each rock type must be known, (2) he (Boyce) must fill in data where coring data are sparse, (3) log velocities tend to be biased too low, and (4) there is no caliper data to judge the variability of the sonic log. If we assume that Boyce's (1980b, Table 6 ) estimated in situ velocities and reflection time (round-trip) from 0 to 1616 m of 1.50 s are correct, 3 then the 1.43-s-reflector discussed by Lancelot, Winterer et al. (1980b) would correlate at about 1500 m in the geologic section at Hole
The text of Boyce (1980b) , p. 316, incorrectly lists "3.75 km/s" for the velocity of the Tithonian to Valanginian sandstone, siltstone, marlstone, and limestone from 1430 to 1624 m; it should be 3.25 km/s as in Table 6 . This also applies to p. 150 in Lancelot, Winterer et al., 1980b. 3 Hole 516 penetrated to 1624 m; however, because of less than 100% recovery and DSDP depth conventions, the deepest velocity measurement is at 1616 m.
416A, where there is a major change in the acoustical character of the sequence at about a quarter wavelength above 1500 m (Fig. 3) . believe this 1.43-s reflector is actually below 1624 m at Site 416, based on stacking velocities and general geologic knowledge of the area. They may be correct, for the data here are also highly subjective. While these results do not disprove the conclusions reached by Lancelot, Winterer et al. (1980b) , they do offer another possible interpretation to add to those already discussed in and Lancelot and Winterer (1980) and point to the difficulty of correlating seismic reflection data to drill hole data. Lancelot and Winterer (1980) interpreted the 1.43-s reflector (blue reflector) to represent a Callovian-Oxfordian transgressive phase of more pelagic sediment character. If the blue reflector actually correlates to 1500 m in Hole 416A, then the Callovian-Oxfordian transgressive sedimentary sequence is not represented by this blue reflector, but may occur as a "deeper" reflector in the seismic section. 
Comparison to Site 530 Cretaceous Rocks
The oldest sediment recovered at Site 530 is Cenomanian. These are younger than any of the Cretaceous-Jurassic (Albian to Tithonian) sediments recovered at Sites 370 and 416. In addition, data from Sites 370 and 416 extend to a much greater depth below the seafloor (1624 m vs. 1103 m). Therefore, one would expect these to be more lithified than sediments at Site 530.
The greater degree of lithification at Sites 370 and 416 compared to Site 530 is suggested by comparing mudstone-porosity versus depth curves from each area (Boyce, this volume) . At Site 530, Hamilton's (1976) summary curve matches the data very well, while at Sites 370 and 416 Hamilton's (1976) mudstone-porosity curve versus depth does not match. Mudstone porosities at Sites 370 and 416 are less than Hamilton's curve, suggesting either (1) different methods; (2) different mineralogy, grain-size, packing and cementation; (3) or overconsolidation at Sites 370 and 416 by a geologic section which has now been eroded away. This does not appear to be the case at Site 530, which appears to be normally consolidated, and mudstone lithologies and grain size may be more similar to those mudstones discussed in Hamilton (1976) . Velocities of mudstone are generally higher at Sites 416 and 370.
Limestone porosities at Site 530 are about 15%, which compares well with limestones at Sites 370 and 416. In addition, at Site 530, limestone velocities are within the limestone-velocity range at Sites 416 and 370.
Porosities of carbonate-cemented siliclastic sandstones compare well at both Site 530 and Sites 370/416. Porosities are ~ 10 to ~ 12%. Velocities of carbonatecemented sandstone of both areas are also similar.
The acoustic anisotropy of the two areas is, however, quite different. The anisotropy at Site 530 is relatively low compared with all of the data from Sites 370 and 416. At Site 530, anisotropy is typically about 0.2 km/s, which is generally similar to anisotropy at other DSDP sites (Bachman, 1978) , and it even compares well to Sites 370 and 416 above 1178 m. However, below 1178 m at Sites 416 and 370, anisotropy is very large (about 0.4 km/s or more) where velocities are between 2.2 and 4.2 km/s. In part this could be related to a more calcareous cementation or to greater lithification at Sites 370 and 416. However, the calcareous-cement concept also explains the calcareous mudstones at Site 530, which had significantly higher (37%) anisotropies than uncemented mudstone. From 1430 to 1624 m are early Valanginian to Tithonian (Kimmeridgian?) turbidites with alternating quartzose siltstone grading to mudstone cycles with hard micrite and calcarenite (calciturbidites). Compressionalwave velocities range from 2.26 to 5.7 km/s, with an average in situ vertical velocity of 3.25 km/s Acoustic anisotropy is 0 to 30% in the Cretaceous to Tithonian sandstone-siltstone turbidites in mudstone and minor limestone from 661 to 1624 m below the seafloor. Between 2.0(?) km/s and 4.2(?) km/s, anisotropy becomes particularly significant (below 1178 m), where the anisotropy is about +0.4 km/s or greater. The mudstone, softer sandstone, and softer siltstone tend to have velocities around 2.0 to 2.5 km/s; the cemented sandstone and limestone cluster about 2.5 km/s to 4.2 km/s; thus the relative percentage anisotropy is greater for the lower-velocity lithologies. Above 4.2(?) km/s, the well-cemented sandstone and limestone tend to have a smaller (less than 0.4 km/s) absolute anisotropy, and many samples are nearly isotropic. The anisotropy can be related to some combination of the following: (1) elongated or platy grains, which provide a faster path horizontally as a result of there being fewer gaps between minerals, (2) preferred orientation of minerals which have an acoustic anisotropy, (3) cementation along certain horizontal layers, (4) alternating high-and low-velocity layers, and (5) a larger number of horizontal cracks or foliation.
SUMMARY AND CONCLUSIONS
The mudstone's porosity and wet-bulk density curves versus depth are slightly higher and lower, respectively, for similar porosity and density curves in Hamilton (1976) . This could be the result of some combination of methods, age, and lithology differences, or overconsolidation by an overlying geologic section which has been eroded away.
Limestone porosities are typically less than Cretaceous limestones from the Pacific Ocean (Schlanger, Jackson et al., 1976) , where identical methods were used. These Pacific limestones are the nannofossil foraminifer type, and the limestone from Site 416 is micritic; thus the micritic limestone is probably more recrystallized and thus could perhaps be expected to have a smaller porosity.
If the average in situ vertical velocities calculated by Boyce (1980b) for Hole 416A are correct, then the 1.43-s (round-trip) reflector (blue) discussed by Lancelot and Winterer (1980) and Lancelot, Winterer et al. (1980b) would correlate to about 1500 m in Hole 416A, and not below 1624 m as discussed by Lancelot and Winterer (1980c) . There does appear to be a significant change in the acoustic character at or around 1500 m (early Valanginian) to a more calcareous and cemented lithology. This investigator only suggests another possible interpretation, since this one is based on many assumptions and is highly subjective.
